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(54) Evaluating thin-film multilayer structures by X-ray diffraction 

£57) Thin-film multilayer structures, e.g. InP/lnGaAs multiquantum well (MQW) structures 21, 22 are 
evaluated as to the thickness and composition of metamorphic layers 23 - 27 formed at the heterointerfaces by 
calculating X-ray diffraction patterns of assumed structures (a) with no such layers; (b) with layers of 
predetermined composition and thickness; and (c) with layers having predetermined fluctuations of 
composition (or thickness); and varying the predetermined parameters to match corresponding aspects of the 
calculated diffraction pattern with those of the measured pattern and thereby estimate the actual value of 
those parameters. The matches are (a) an overall pattern match, which indicates an ideal structure with no 
metamorphic layers; (b) coincidence of the positions of the main and satellite peaks in the respective patterns, 
which indicates the average layer composition and thickness; and (c) coincidence of the interference fringes 
around the satellite peaks, which indicates the fluctuations of composition (or thickness) in the layers. 
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METHOD AND APPARATUS FOR EVALUATING 
THIN-FILM MULTILAYER STRUCTURE 



FTKTiD OF THF TNVKNTTON 

The present invention relates to a method and an 
apparatus for evaluating a thin- film multilayer structure 
comprising periodically laminated thin films and, more 
particularly, to a method and an apparatus for evaluating 
fluctuations in composition and thickness of metamorphic 
layers generated at heterointerf aces in a thin-film 
multilayer structure quantitatively with respect to 
interference fringes produced around a satellite peak in an 
X-ray diffraction pattern from the multilayer structure. 
RArynRnuN n nr thk invention 

In recent years, it was proved theoretically and 
experimentally that performances of optical semiconductor 
devices employed as light sources in optical communication 
systems and high speed electric semiconductor devices such 
as HEMTs in computer systems are significantly improved by 
employing quantum well structures or superlattice hetero- 
structures. Reduction in thickness and more precise control 
of chemical composition of layers constituting those 
structures are important to further improve the device 
performances. A promising method for crystal growth to 
fabricate heteroj unction structures and superlattice 



structures is MOVPE ( Metalorganic Vapor Phase Epitaxy). For 
instance in a growth of InGaAs/InP employing this method, 
Trimetyl-Indium ( TMI ) and Trietyl-Gallium (TEG) are 
decomposed to produce separate In and Ga atoms which belong 
to Group III elements on a substrate, and AsH 3 and PH 3 are 
decomposed to produce separate As and P atoms which belong 
to Group V elements on the substrate, whereby an InGaAs 
layer and an InP layer are epitaxially grown on the 
substrate. In the MOVPE method for growth of InGaAs/InP, it 
is difficult to make a steep heterointerf ace between the 
InGaAs layer and the InP layer because of a difference in 
vapor pressure between As and P. Various research 
organizations have been improving steepness of the 
neterointerface utilizing a method of interrupting the 
growth of the epitaxial layers at the heterointerf ace. The 
following (l)-(3) are typical methods for evaluating 
steepness of the heterointerf ace: 

(1) PL (photoluminescence) measurement 

(2) Measurement of two-dimensional electron gas mobility 

(3) X-ray diffraction analysis 

Although it is possible to macroscopically estimate the 
thin-film multilayer structure using any of these methods, 
it is difficult to evaluate respective heterointerf aces of 
the multilayer structure individually. For instance in the 
X-ray diffraction analysis which is usually used for 
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produced at heterointerfaces in an InGaAs/InP MQW structure. 

Other objects and advantages of the invention will 
become apparent from the detailed description that follows. 
The detailed description and specific embodiments described 
are provided only for illustration since various additions 
and modifications within the scope of the invention will be 
apparent to those skill in the art from the detailed 
description . 

According to a first, aspect of the present invention, a 
method for evaluating a thin-film multilayer structure 
includes measuring an X-ray diffraction pattern from a thin- 
film multilayer structure as an object to be measured, which 
multilayer structure comprises a plurality of thin films 
which are periodically laminated and including metamorphic 
layers produced at heterointerfaces, wnich measurement is 
carried out including X-ray interference fringes around a 
satellite diffraction peak; 

calculating an X-ray diffraction pattern from a 
presumed multilayer structure that is obtained on the 
assumption that periodic metamorphic layers are produced at 
the respective heterointerfaces of the multilayer structure, 
on the basis of the dynamical theory of dif f taction; 

comparing positions of the main diffraction peak and 
the satellite diffraction peak in the X-ray diffraction 
pattern measured as described above with .those of the X-ray 
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evaluating steepness of the heterointerf ace, in order to 
evaluate an InGaAs/InP multiquantum well (MQW) structure, a 
calculated diffraction pattern is fitted to a measured 
diffraction pattern with respect to: 

(1) ^ difference in diffraction angles between a main peak 
of X-ray which indicates an average lattice constant 
of the MQW structure and a peak which indicates 
lattice constant of a substrate on which the MQW is 
grown, and 

(2) an intensity of a satellite peak which reflects the MQW 
periodic structure, 

thereby to compare the design structure and the grown 
structure, whereby compositions and thicknesses of the 
metamorphic layers formed at the heterointerf aces are 
estimated. However, because these compositions and 
thicknesses of the metamorphic layers estimated by this 
method are averages of the whole MQW structure, if the MQW 
structure has minute fluctuations periodically in the 
compositions and the thicknesses of the metamorphic layers 
at the respective interfaces, it is difficult to detect 
those minute fluctuations. 

gllMMARV OF THK INVENTION 

It is an object of the present invention to provide a 
method and an apparatus for evaluating fluctuations in 
compositions and thicknesses of metamorphic layers which are 
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diffraction pattern that is calculated on the basis of the 
dynamical theory of diffraction, after repeating 
modification of compositions and thicknesses of the periodic 
metamorphic layers presumed in the above-described 
calculation, calculation of the X-ray diffraction patterns, 
and comparison of the measured X-ray diffraction pattern 
with the calculated X-ray diffraction pattern, identifying 
the compositions and the thicknesses of the periodic 
metamorphic layers presumed in the above-described 
calculation as average composition and thickness of the 
metamorphic layers in the thin- film multilayer structure 
which is an object to be measured when the positions of the 
two peaks in the measured X-ray diffraction coincide with 
those in the calculated X-ray diffraction pattern; 

calculating on the basis of the dynamical theory of 
diffraction, an X-ray diffraction pattern from a presumed 
thin- film multilayer structure in which it is presumed that 
the metamorphic layers produced at the respective 
heterointerfaces have composition fluctuations from the 
average composition of the metamorphic layers; and 

comparing the X-ray interference fringes around the 
satellite diffraction peak in the measured X-ray diffraction 
pattern from the thin- film multilayer structure with those 
of the X-ray diffraction pattern which is calculated on the 
basis of the dynamical theory of diffraction from the 



presumed thin-film multilayer structure assuming that the 
metamorphic layers have composition fluctuations at the 
respective heterointerf aces , after repeating modification of 
the composition fluctuations of the metamorphic layers which 
are assumed in the calculation, calculation of the X-ray 
diffraction patterns, and comparisons of the measured X-ray 
diffraction pattern with the calculated X-ray diffraction 
pattern, identifying the composition fluctuations of the 
periodic metamorphic layers assumed in the above-described 
calculations as the composition fluctuations of the 
metamorphic layers in the multilayer structure which is an 
object to be measured when the interference fringes around 
the satellite peak in the measured X-ray diffraction pattern 
coincide with those in the calculated X-ray diffraction 
pattern. Therefore, the minute fluctuation of the 
composition of the metamorphic layers which are generated at 
the heterointerf aces can be evaluated. 

According to a second aspect of the present invention, 
a method for evaluating a thin-film multilayer structure 
includes measuring an X-ray diffraction pattern from a thin- 
film multilayer structure as an object to be measured, which 
multilayer structure comprises a plurality of thin films 
which are periodically laminated and including metamorphic 
layers produced at heterointerf aces, which measurement is 
carried out including X-ray interference fringes around a 
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satellite diffraction peak; 

calculating an X-ray diffraction pattern from a 
presumed multilayer structure that is obtained on the 
assumption that periodic metamorphic layers are produced at 
the respective heterointerf aces of the multilayer structure, 
on the basis of the dynamical theory of diffraction; 

comparing positions of the main diffraction peak and 
the satellite diffraction peak in the X-ray diffraction 
pattern measured as described above with those of the X-ray 
diffraction pattern that is calculated on the basis of the 
dynamical theory of diffraction, after repeating 
modification of compositions and thicknesses of the periodic 
metamorphic layers presumed in the above-described 
calculation, calculation of the X-ray diffraction patterns, 
and comparison of the measured X-ray diffraction pattern 
with the calculated X-ray diffraction pattern, identifying 
the compositions and the thicknesses of the periodic 
metamorphic layers presumed in the above-described 
calculation as average composition and thickness of the 
metamorphic layers in the thin-film multilayer structure 
which is an object to be measured when the positions of the 
two peaks in the measured X-ray diffraction coincide with 
those in the calculated X-ray diffraction pattern; 

calculating on the basis of the dynamical theory of 
diffraction, an X-ray diffraction pattern from a presumed 
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thin-film multilayer structure in which it is presumed that 
the metamorphic layers produced at the respective 
heterointerfaces have thickness fluctuations from the 
average thickness of the metamorphic layers; and 

comparing the X-ray interference fringes around the 
satellite diffraction peak in the measured X-ray diffraction 
pattern from the thin-film multilayer structure with those 
of the X-ray diffraction pattern which is calculated on the 
basis of the dynamical theory of diffraction from the 
presumed thin- film multilayer structure assuming that the 
metamorphic layers have thickness fluctuations at the 
respective heterointerfaces, after repeating modification of 
the thickness fluctuations of the metamorphic layers which 
are assumed in the calculation, calculation of the X-ray 
diffraction patterns, and comparisons of the measured X-ray 
diffraction pattern with the calculated X-ray diffraction 
pattern, identifying the thickness fluctuations of the 
periodic metamorphic layers assumed in the above-described 
calculations as the thickness fluctuations of the 
metamorphic layers in the multilayer structure which is an 
object to be measured when the interference fringes around 
the satellite peak in the measured X-ray diffraction pattern 
coincide with those in the calculated X-ray diffraction 
pattern. Therefore, the minute fluctuation of the thickness 
of the metamorphic layers which are generated at the 




heterointer faces can be evaluated. 

According to a third aspect of the present invention, 
an apparatus for evaluating a thin-film multilayer structure 
includes; 

means for measuring an X-ray diffraction pattern from a 
thin-film multilayer structure as an object to be measured, 
which multilayer structure comprises a plurality of . thin 
films that are periodically laminated and includes 
metamorphic layers produced at heterointer f aces , which 
measurement is carried out including interference fringes 
around a satellite peak; 

means for temporarily setting compositions and 
thicknesses of periodic metamorphic layers on the assumption 
that the periodic metamorphic layers are produced at the 
heterointerfaces in the multilayer structure; 

means for temporarily setting composition fluctuations 
of the metamorphic layers which are assumed to be produced 
at the respective heterointerfaces in the design multilayer 
structure, on the assumption that the metamorphic layers 
have composition fluctuations from an average composition 
mentioned later; 

means for calculating an X-ray diffraction pattern from 
a presumed thin- film multilayer structure determined by 
setting parameters including compositions and thicknesses of 
the periodically laminated thin films constituting the 
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multilayer structure, average compositions and thicknesses 
of the periodic metamorphic layers, and composition 
fluctuations of the metamorphic layers on the basis of the 
dynamical theory of diffraction; and 

means for comparing the measured X-ray diffraction 
pattern with the X-ray diffraction pattern that is 
calculated on the basis of the dynamical theory of 

diffraction, and 

sending the means for temporarily setting 
compositions and thicknesses of the metamorphic layers a 
signal to make that means again set compositions and 
thicknesses of the metamorphic layers when the compositions 
and thicknesses of the periodic metamorphic layers are set, 
the composition fluctuations of the metamorphic layers are 
not set, and positions of the main diffraction peak and the 
satellite diffraction peak in the measured diffraction 
pattern do not coincide with positions of the main 
diffraction peak and the satellite diffraction peak in the 
calculated diffraction pattern, 

identifying the compositions and the 
thicknesses of the assumed periodic metamorphic layers in 
the above-described calculations as average composition and 
thickness of the metamorphic layers in the thin- film 
multilayer structure which is an object to be measured and, 
thereafter, sending the means for temporarily setting 
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composition fluctuations of the metamorphic layers a signal 
to make that means set composition fluctuations of the 
metamorphic layers when the compositions and the thicknesses 
of the periodic metamorphic layers are set, the composition 
fluctuations of the metamorphic layers are not set, and 
positions of the main diffraction peak and the satellite 
diffraction peak in the measured diffraction pattern 
coincide with positions of the main diffraction peak and the 
satellite diffraction peak in the calculated diffraction 
pattern, 

sending the means for temporarily setting 
composition fluctuations of the metamorphic layers a signal 
to make that means again set composition fluctuations of the 
metamorphic layers when the compositions and the thicknesses 
of the assumed periodic metamorphic layers are identified as 
average composition and thickness of the metamorphic layers 
in the thin-film multilayer structure which is an object to 
be measured, the composition fluctuations of the metamorphic 
layers are set, positions of the main diffraction peak and 
the satellite diffraction peak in the measured diffraction 
pattern coincide with positions of the main diffraction peak 
and the satellite diffraction peak in the calculated 
diffraction pattern, and interference fringes around the 
satellite peak in the measured diffraction pattern do not 
coincide with interference fringes around the satellite peak 
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in the calculated diffraction pattern, 

identifying the set composition fluctuations 
of the met amorphic layers employed in calculating the 
diffraction pattern as composition fluctuations of the 
metamorphic layers in the thin-film multilayer structure 
which is an object to be measured when the compositions and 
the thicknesses of the assumed periodic metamorphic layers 
are identified as average composition and thickness of the 
metamorphic layers in the thin-film multilayer structure 
which is an object to be measured, the composition 
fluctuations of the metamorphic layers are set, positions of 
the main diffraction peak and the satellite diffraction peak 
in the measured diffraction pattern coincide with positions 
of the main diffraction peak and the satellite diffraction 
peak in the calculated diffraction pattern, and the 
interference fringes around the satellite peak in the 
measured diffraction pattern coincide with the interference 
fringes around the satellite peak in the calculated 
diffraction pattern. Therefore, an apparatus to be able to 
evaluate the minute fluctuation of the composition of the 
metamorphic layers which are generated at the 
heterointerf aces can be constructed. 

According to a fourth aspect of the present invention, 
an apparatus for evaluating a thin-film multilayer structure 
includes; 
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means for measuring an X-ray diffraction pattern from a 
thin-film multilayer structure as an object to be measured, 
which multilayer structure comprises a plurality of thin 
films that are periodically laminated and includes 
metamorphic layers produced at heterointer faces, which 
measurement is carried out including interference fringes 
around a satellite peak; 

means for temporarily setting compositions and 
thicknesses of periodic metamorphic layers on the assumption 
that the periodic metamorphic layers are produced at the 
heterointerf aces in the multilayer structure; 

means for temporarily setting thickness fluctuations 
of the metamorphic layers which are assumed to be produced 
at the respective heterointerf aces in the design multilayer 
structure., on the assumption that the metamorphic layers 
have thickness fluctuations from an average thickness 

mentioned later;. 

means for calculating an X-ray diffraction pattern 
from a presumed thin-film multilayer structure determined by 
setting parameters including compositions and thicknesses of 
the periodically laminated thin films constituting the 
multilayer structure, average compositions and thicknesses 
of the periodic metamorphic layers, and thickness 
fluctuations of the metamorphic layers on the basis of the 
dynamical theory of diffraction; and 



# 

- 14' - * 



means for comparing the measured X-ray diffraction 
pattern with the X-ray diffraction pattern that is 
calculated on the basis of the dynamical theory of 
diffraction, and 

sending the means for temporarily setting 
compositions and thicknesses of the metamorphic layers a 
signal to make that means again set compositions and 
thicknesses of the metamorphic layers when the compositions 
and thicknesses of the periodic metamorphic layers are set, 
the thickness fluctuations of the metamorphic layers are not 
set, and positions of the main diffraction peak and the 
satellite diffraction peak in the measured diffraction 
pattern do not coincide with positions of the main 
diffraction peak and the satellite diffraction peak in the 
calculated diffraction pattern, 

identifying the compositions and the 
thicknesses of the assumed periodic metamorphic layers in 
the above-described calculations as average composition and 
thickness of the metamorphic layers in the thin-film 
multilayer structure which is an object to be measured and, 
thereafter, sending the means for temporarily setting 
thickness fluctuations of the metamorphic layers a signal to 
make that means set thickness fluctuations of the 
metamorphic layers when the compositions and the thicknesses 
of the periodic metamorphic layers are set, the thickness 
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fluctuations of the metamorphic layers are not set, and 
positions of the main diffraction peak and the satellite 
diffraction peak in the measured diffraction pattern 
coincide with positions of the main diffraction peak and the 
satellite diffraction peak in the calculated diffraction 
pattern, 

sending the means for temporarily setting 
thickness fluctuations of the metamorphic layers a signal to 
make that means again set thickness fluctuations of the 
metamorphic layers when the compositions and the thicknesses 
of the assumed periodic metamorphic layers are identified as 
average composition and thickness of the metamorphic layers 
in the thin- film multilayer structure which is an object to 
be measured, the thickness fluctuations of the metamorphic 
layers are set, positions of the main diffraction peak and 
the satellite diffraction peak in the measured diffraction 
pattern coincide with positions of the main diffraction peak 
and the satellite diffraction peak in the calculated 
diffraction pattern, and interference fringes around the 
satellite peak in the measured diffraction pattern do not 
coincide with interference fringes around the satellite peak 
in the calculated diffraction pattern, 

identifying the set thickness fluctuations of 
the metamorphic layers employed in calculating the 
diffraction pattern as thickness fluctuations of the 
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me-tamorphic layers in the thin-film multilayer structure 
which is an object to be measured when the compositions and 
the thicknesses of the assumed periodic metamorphic layers 
are identified as average composition and thickness of the 
metamorphic layers in the thin- film multilayer structure 
which is an object to be measured, the thickness 
fluctuations of the metamorphic layers are set, positions of 
the main diffraction peak and the satellite diffraction peak 
in the measured diffraction pattern coincide with positions 
of the main diffraction peak and the satellite diffraction 
peak in the calculated diffraction pattern, and the 
interference fringes around the satellite peak in the 
measured diffraction pattern coincide with the interference 
fringes around the satellite peak in the calculated 
diffraction pattern- Therefore, an apparatus to be able to 
evaluate the minute fluctuation of the thickness of the 
metamorphic layers which are generated at the 
heterointerf aces can be constructed. 

RRTKF nKSPRTPTT OM OF THF. DRAWINGS 

Figure 1 is a cross- sectional view illustrating an 
InGaAs/InP-MQW (20 periods) design structure 100 as a target 
of evaluation in a method of evaluating a thin- film 
multilayer structure according to a first embodiment of the 
present invention. 

Figure 2 is a diagram illustrating an X-ray diffraction 
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pat-tern obtained from the MQW design structure of the first 
embodiment shown in figure 1, which is calculated o n the 
basis of dynamical theory of diffraction according to the 
first embodiment of the present invention. 

Figure 3 is a diagram illustrating distribution of 
lattice mismatch with InP in the film growth direction in 
the MQW design structure for which it is assumed that 
metamorphic layers are produced at heterointerf aces, 
according to the first embodiment of the present invention. 

Figure 4 is a diagram illustrating an X-ray diffraction 
pattern, w hich is calculat ed, on the basis of the dynamical 
theory of diffraction, from the MQW design structure shown 
in figure 1 for which it is assumed that periodic 
metamorphic layers as shown in figure 3 are produced, 
according to the first embodiment of the present invention. 

Figure 5 is a diagram illustrating an X-ray diffraction 
pattern, which is _calculated_on the basis of the dynamical 
theory of diffraction, from the MQW design structure shown 
in figure 1 for which it is assumed that metamorphic layers 
with fluctuations in composition are produced as shown in 
figure 1, and _a measur ed X-ray diffraction pattern from the 
MQW structure that is grown on the basis of the design 
structure 100, according to the first embodiment of the 
present invention. 

Figure 6 is a diagram illustrating a distribution of 
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lattice mismatch with inP in the film growth direction of 
the MQW design structure shown in figure 1 for which it is 
assumed that metamorphic layers with fluctuations in 
composition are produced at heterointerf aces , according to 
the first embodiment of the present invention. 

Figure 7 is a diagram illustrating a flowchart of a 
method for quantitatively evaluating fluctuations in 
composition of the interface metamorphic layers in the thin- 
film multilayer structure, that is carried out by an 
apparatus for evaluating a multilayer structure according to 
the first embodiment of the present invention. 

Figure 8 is a flowchart of a method for quantitatively 
evaluating fluctuations in thickness of the interface 
metamorphic layers in the thin-film multilayer structure, 
that is carried out by an apparatus for evaluating a 
multilayer structure according to a second embodiment of the 

present: invention . 

Figure 9 is a block diagram illustrating a construction 
of an apparatus for quantitatively evaluating fluctuations 
in composition of interface metamorphic layers in the thin- 
film multilayer structure according to a third embodiment of 
the present invention. 

Figure 10 is a block diagram illustrating a 
construction of an apparatus for quantitatively evaluating 
fluctuations in thickness of interface metamorphic layers in 
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the -thin- film multilayer structure according to a fourth 
embodiment of the present invention. 
nFTa TTiKD ngsPRTPT TON OF THE P REFERRED EMBODIMENTS 
Embodiment 1 . 

A description is given of a method for quantitatively 
evaluat ing fluctuations in composition at respective 
interfaces of a thin- film multilayer structure according to 
a first embodiment of the present invention, with reference 
to figures 1 to 6 and a flowchart of figure 7. 

In figure 1, reference numeral 1 designates an InP 
substrate and numeral 2 designates an MQW thin-film 
multilayer structure grown on the InP substrate 1 by MOVPE. 
In the MQW multilayer structure 2, twenty InGaAs layers 21 
40A thick and twenty InP layers 22 199A thick are laminated 
alternatingly as illustrated in figure 1. Reference numeral 
100 designates a designed structure comprising the InP 
substrate 1 and the InGaAs/ InP-MQW (20 periods) 2. 

Figure 2 illustrates an X-ray diffraction pattern 50C 
from the MQW design structure 100 shown in figure 1, which 
is calculated on the basis of the dynamical theory of 
diffraction. 

Figure 3 illustrates a distribution of lattice mismatch 
with InP in the film growth direction in the MQW design 
structure 100 for which it is assumed that metamorphic 
layers are produced at heterointerf aces . 
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Figure 4 illustrates an X-ray diffraction pattern 50CT, 
which is calculated on the basis of the dynamical theory of 
diffraction, from the MQW design structure 100 for which it 
is assumed that the periodic metamorphic layers are produced 

as shown in figure 3. 

Figure 5 illustrates an X-ray diffraction pattern, 
which is calculated on the basis of the dynamical theory of 
diffraction, from the MQW design structure 100 for which it 
is assumed that metamorphic layers with fluctuations in 
composition shown in figure 6 are produced, and an actually 
measured X-ray diffraction pattern from an MQW structure 
that is actually grown on the basis of the design structure 
100. 

Figure 6 illustrates a distribution of lattice mismatch 
to InP in the film growth direction in the designed MQW 
structure 100 for which it is assumed that metamorphic 
layers with fluctuations in composition are produced at 
heterointer faces . 

Figure 7 is a flowchart of a method for quantitatively 
evaluating fluctuations in composition of the interface 
metamorphic layers in the multilayer structure, which method 
is carried out by an apparatus for evaluating the multilayer 
structure according to the first embodiment of the present 
invention. 

A description is given of the evaluating method 
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according to the first embodiment of the present invention. 

(1) An X-ray diffraction pattern, which is. obtained 
from the design structure 100 of figure 1 in which the MQW 2 
comprising alternatingly laminated twenty InGaAs layers and 
twenty InP layers is disposed on the InP substrate 1, is 
measured, and an X-ray diffraction pattern 200A shown in 
figure 5 is obtained. Particularly, the X-ray diffraction 
pattern is measured so as to include a pattern around a 
satellite diffraction peak. In addition, the scan speed is 
reduced so as to perform a precise measurement ( step SI ) - 

(2) An X-ray diffraction pattern from the design 
structure 100 shown in figure 1 is calculated on the basis 
of the dynamical theory of diffraction, and an X-ray 
diffraction pattern 50C shown in figure 2 is obtained (step 
S2 ) . The dynamical theory of diffraction is the theory of 
diffraction paying considerations on that the incident X-ray 
is scattered many times in the crystal lattices. In 
contrast to this theory, there is kinematical theory of 
diffraction which assumes that the scattering of incident X- 
ray takes place only once. Since the X-ray diffraction 
pattern 50C shown in figure 2 is calculated on the structure 
shown in figure 1 for which it is assumed that no 
metamorphic layers are produced, the MQW structure does not 
have any lattice mismatch with InP substrate. Therefore, a 
diffraction peak from the InP substrate and diffraction 
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peaks from respective MQW layers on the substrate, the 
latter overlapping the former, are located at the same 
position of 0" on the abscissa, and a minute peak reflecting 
the MQW periodic structure is located at a position of 800" 
distant from the peak of the substrate on the left hand of 
the peak. The angle on the abscissa is taken with the InP 
diffraction angle 31.67° as a reference. Here, 1° = 3600". 

(3) The measured_ diffraction • .jpa*tH5^^-^— - 
calculated diffraction pattern 50C are compared. When they 
coincide with each other (YES on step S3), the sequence 
proceeds" to E shown in figure 7 according to the judgment 
condition A. It means that an ideal crystal structure with 
no metamorphic layers at hetero inter faces has been obtained. 
When those two patterns do not coincide, the sequence 
proceeds to the following (4) (NO at step S3). 

(4) Compositions and thicknesses of metamorphic layers 
which are assumed to be produced at the heteroint erf aces are 
temporarily set as shown in figure 3 (step S5), and an X-ray 
diffraction pattern obtained from the MQW structure 
including the assumed metamorphic layers is calculated on 
the basis of the dynamical theory of diffraction (step S6 ) . 
As a result, an X-ray diffraction pattern 50CT shown in 

figure 4 is obtained. 

( 5 ) Respec tivejositions of the main peak P m and the 
satellite peak P s in the calculated X-ray diffraction 
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pattern 50CT shown in figure 4 are compared with those in 
the measured pattern 200A shown in figure 5. When they 
coincide with each other (YES at step S7 ) , the sequence 
proceeds to the following (6) according to the judgment 
condition B shown in figure 7. When those positions do not 
coincide (NO at step S7), the compositions and the 
thicknesses of the metamorphic layers (reference numerals 23 
to 27 in figure 3) are modified (step S8) and a new 
calculation for obtaining a diffraction pattern is carried 
out on the modified values. Thereafter, the obtained 
pattern is compared with the measured pattern to carry out 
judgment in accordance with the judgment condition B. The 
steps S8, S6, and S7 constituting a loop are repeated until 
the calculated pattern coincides with the measured pattern. 

As a result, an MQW structure which includes 
metamorphic layers as shown in figure 3 is obtained. The 
structure includes, for example, an InAs layer 23 3 A thick 
and an InAs 0s75 P 0#2 5 layer 24 3A thick at the terminating 
end side of the InP layer, and an InGaAsP layer 25 3A thick 
at the starting end side of the InGaAs layer, and an InAsP 
layer 26 3A thick and an mAs^P^^ layer 27 30A thick at the 
starting end side of InP layer 22. The composition and the 
thickness of the metamorphic layers can be identified as 
average composition and thickness of the metamorphic layers 
in the MQW structure from which the measured X-ray 
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diffraction pattern is obtained. The X-ray diffraction 
pattern 50CT calculated on the basis of the MQW structure is 
shown in figure 4. Since the X-ray diffraction pattern 50CT 
shown in figure 4 is calculated on the structure shown in 
figure 3 in which the lattice mismatch exists due to the 
metamorphic layers, a main diffraction peak P m presenting 
the average lattice constant in the MQW structure is located 
at a position -200" apart from the peak of the InP substrate 
at 0" on the abscissa, and a satellite diffraction peak P s 
presenting a periodic structure of the MQW is located at 
-1000" apart from the peak of the substrate. The satellite 
peak, i.e., the position of -1000", corresponds to the 
period of the MQW structure, that is, 239A which is the sum 
of the InGaAs layer thickness 40A and the InP layer 

thickness 199 A. 

(6) The X-ray interference fringes P el , P e 2' p e3' * * * ' 

p p o "~P -o ••• around the satellite diffraction peak P s 
^rl' *r2' r3' 

in the calculated diffraction pattern are compared with 
those in the measured pattern. The number of the 
interference fringes is about 5 or 6 on either side of the 
satellite peak. When they coincide with each other (YES on 
step S9 ) , the sequence proceeds to F shown in figure 7 
according to the judgment condition C shown in figure 7. It 
means that the actual MQW structure has a highly-precise 
periodic structure with no composition fluctuations in the 
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metamorphic layers at heterointerf aces - When the 
interference fringes in the calculated diffraction pattern 
do not coincide with those in the measured pattern ( NO at 
step S9 ) , it is assumed that the metamorphic layers 23-27 at 
heterointerf aces have appropriate periodic composition 
fluctuations (step Slla). The composition fluctuations are 
set temporarily. For instance, as shown in figure 6, the 
metamorphic layers are assumed to include an InAs layer 3A 
thick and a further InAs layer 3A thick at the terminating 
end side of the InP layer in . the upper three periods of the 
whole 20 periods of the MQW structure (right side in figure 
6 ) and the metamorphic layers in other periods than those 
three periods are the same as shown in figure 3. Then, an 
X-ray diffraction pattern from the MQW structure including 
the metamorphic layers with the above-described composition 
fluctuations is calculated on the basis of the dynamical 
theory of diffraction (step S12). 

(7) When the X-ray interference fringes around the 
satellite diffraction peak in the calculated diffraction 
pattern from the structure having the above-described 
composition fluctuations of the metamorphic layer coincide^ 
with those in the measured pattern (YES on step S13), the 
sequence proceeds to the step S15a according to the judgment 
condition C. The assumed composition fluctuations of the 
metamorphic layers then are identified as the composition 
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fluctuations of the actual MQW structure. Thereby, the 
composition fluctuations in the metamorphic layers at the 
respective heterointer faces can be evaluated. When these do 
not coincide with each other (NO at step 13), the 
composition fluctuations of the metamorphic layers at the 
heterointerfaces are modified (step S14a) and a new 
calculation for obtaining a diffraction pattern is carried 
out on the modified fluctuations (step S12 ) . Further, the 
calculated diffraction pattern and the measured diffraction 
pattern are compared and judged (step S13 ) . Until the 
calculated X-ray interference fringes around the satellite 
diffraction peak coincide with the measured interference 
fringes, the steps S14a, S12, and S13 constituting a loop 
are repeated in this order. As a result, the composition 
fluctuations of the metamorphic layers at the respective 
heterointerfaces are evaluated (step Sl5a). 

According to the first embodiment of the present 
invention, the X-ray diffraction pattern 200A is obtained by 
measuring the X-ray diffraction pattern from the thin-film 
multilayer structure as a measuring object including the 
interference fringes around the satellite diffraction peak, 
while the diffraction pattern 50CT is obtained by 
calculating the X-ray diffraction pattern from the thin- film 
multilayer structure 101 that is assumed to include the 
metamorphic layers at the heterointerfaces on the basis of 
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the dynamical theory of diffraction. The calculated 
diffraction pattern is compared with the measured pattern. 
When the positions of the main diffraction peak and the 
satellite diffraction peak in the measured pattern coincide 
with those in the calculated pattern (judgment condition B), 
the assumed composition and thickness of the periodic 
metamorphic layers at the heterointerf aces are identified as 
the average composition and the average thickness in the 
actual thin film multilayer structure which is an object for 
the X-ray diffraction pattern measurement. Further, an X- 
ray diffraction pattern from the thin-film multilayer 
structure including the heterointerf ace metamorphic layers 
which are assumed to have composition fluctuations from the 
above-described average composition is calculated on the 
basis of the dynamical theory of diffraction. Then, the X- 
ray interference fringes around the satellite diffraction 
peak in the calculated X-ray diffraction pattern 201 are 
compared with those of the measured diffraction pattern 
200A. When these interference fringes coincide with each 
other (judgment condition C), the assumed composition 
fluctuations in the metamorphic layers at the 

heterointerf aces are identified as composition fluctuations 
in the metamorphic layers in the actually measured thin filn 
multilayer structure. Consequently, not only the average 
composition and the average thickness of the metamorphic 
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layers of the thin- film multilayer structure as a measuring 
object but also the minute composition fluctuations in the 
metamorphic layers at the respective heterointerfaces can be 
quantitatively estimated. That is, the compositions and the 
thicknesses of the metamorphic layers at the 
heterointerfaces in the thin-film multilayer structure can 
be evaluated with high precision. 
Embodiment 2 - 

- A description is given of a method for quantitatively 
evaluating fluctuations in thicknesses at respective 
heterointerfaces in a thin- film multilayer structure 
according to a second embodiment of the present invention 
with reference to figures 1 to 4 and a flowchart shown in 
figure 8. The evaluating method shown in figure 8 evaluates 
thickness fluctuations of the metamorphic layers employing a 
method similar to the above-described evaluating method 
according to the first embodiment. 

(1) An X-ray diffraction pattern from the design 
structure 100 shown in figure 1 in which the MQW 2 
comprising alternatingly laminated twenty InGaAs layers and 
twenty inP layers are grown on the InP substrate 1 is 
measured, and the measured X-ray diffraction pattern 200A 
shown in figure 5 is obtained. Particularly, the X-ray 
diffraction pattern is measured in a range including the 
pattern around the satellite diffraction peak. In addition, 
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-the scan speed is reduced to perform the measurement with 
high precision (step SI). 

(2) An X-ray diffraction pattern from the design 
structure 100 shown in figure 1 is calculated on the basis 
of the dynamical theory of diffraction, and the X-ray 
diffraction pattern 50C shown in figure 2 is obtained (step 
S2 ) . The X-ray diffraction pattern 50C shown in figure 2 is 
the same as that in the description of the first embodiment. 

( 3 ) When the __ca lea 1 a ted_ di f jf r action pat .tern ^ 5QC ^ 
coincides with the measured pattern 200A (YES on step S3), 
according to the judgment condition A shown in figure 8, the 
sequence proceeds to E shown in figure 8, which means that 
an ideal crystal structure which does not include 
metamorphic layers at the heterointerf aces is obtained. 
When those two partterns do not coincide with each other, the 
evaluation proceeds to the following (4) (NO at step S3). 

( 4 ) Appropriate compositions and thicknesses are set 
for the metamorphic layers formed at the heterointerf aces 
(at step S5), and the X-ray diffraction pattern obtained 
from the structure is calculated on the basis of the 
dynamical theory of diffraction (step S6). The calculated 
X-ray diffraction pattern 50CT is shown in figure 4. 

(5) The positions of the main diffraction peak P m and 
the satellite diffraction peak P s in the calculated X-ray 
diffraction pattern 50CT are compared with those in the 
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measured diffraction pattern 2°0Ajjrtep_S7)^ When these 

posMo^^^^^^^^^^ (YES at Step S7> ' 
according to the judgment condition B shown in figure 8, the 
evaluation proceeds to the following (6). When those 
positions do not coincide with each other (NO at step S7 ) . 
the compositions and the thicknesses of the metamorphic 
layers (reference numerals 23-27 in figure 3) are modified 
(step SB), and a new diffraction pattern is calculated on 
the modified conditions. The new pattern is again compared 
with the measured pattern and judged according to the 
judgment condition B. The steps of S8, S6, and S7 
constituting a loop are repeated until the calculated 
pattern coincides with the measured pattern. 

As a result, in the same way as in the first embodiment 
of the invention, a structure of metamorphic layers as shown 
in figure 3 is obtained. The composition and the thickness 
of the metamorphic layers are identified as the average 
composition and the average thickness of the metamorphic 
layers of the thin- film multilayer structure which is the 
object of the measurement. The X-ray diffraction pattern 
50CT calculated on the basis of this structure is shown in 
figure 4. 

(6) Then, X-ray interference fringes around the 
satellite diffraction peak P s in the calculated diffraction 
pattern are compared with those in the measured pattern. 
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Whe n these frin ges coincide with each jDther (YES at step 
S9), according to the judgment condition C shown in figure 
8, the sequence proceeds to F shown in figure 8, which means 
that a crystal structure having a preferable periodic 
precision and having no thickness fluctuations of the 
metamorphic layers at the heterointerf aces is obtained. 
When these fringes do not coincide with each other (NO at 
step S9), the metamorphic layers at the heterointerf aces 
(reference numerals 23-27) are assumed to have periodic 
thickness fluctuations with respect to the average 
thickness, and the thickness fluctuations are set 
temporarily (step Sllb). Then, an X-ray diffraction pattern 
from the structure including the metamorphic layers with 
those thickness fluctuations is calculated on the basis of 
the dynamical theory of diffraction (step S12). 

(7) The X-ray interference fringes around the satellite 
diffraction peak in the diffraction pattern that is 
calculated as one from the structure in which the 
metamorphic layers have the above-described thickness 
fluctuations, are compared with those in the measured 
pattern (step S13). ^ When *he gg_jErlnges_ coincide^ with each 
other (YES at step S13 ) , the sequence proceeds to the step 
SI 5b according to the judgment condition C. The set 
thickness fluctuations of the metamorphic layers are 
identified as thickness fluctuations of the metamorphic 
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layers of the actual MQW structure, whereby the periodic 
thickness fluctuations of the heterointerf ace metamorphic 
layers are evaluated. When these fringes do not coincide 
with each other (NO at step S13), the thickness fluctuations 
of the heterointerf ace metamorphic layers are modified (step 
S14b) and the sequence returns to the step S12, i.e., the 
calculation of the diffraction pattern as described above is 
carried out. Then, the calculated diffraction pattern is 
again compared with the measured diffraction pattern and 
judged at the step S13. Until the X-ray interference 
fringes around the satellite diffraction peak in the 
calculated pattern coincide with those in the measure 
pattern, the steps S14b, S12, and S13 constituting a loop 
are repeated in this order. 

According to the second embodiment of the present 
invention, the diffraction pattern 200A is obtained by 
measuring the X-ray diffraction pattern from the thin-film 
multilayer structure as a measuring object including the 
interference fringes around the satellite diffraction peak, 
and the X-ray diffraction pattern 50CT is obtained by 
calculating the X-ray diffraction pattern from the thin- film 
multilayer structure 101 which is assumed to include the 
metamorphic layers at the heterointerf aces on the basis of 
the dynamical theory of diffraction. Then, the calculated 
diffraction pattern 50CT is compared with the measured 
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pattern 200A. When the positions of the main peak and the 
satellite peak in the calculated diffraction pattern 
coincide with those in the measured pattern (judgment 
condition B ) , the assumed composition and thickness of the 
metamorphic layers at the heterointerf aces are identified as 
the average composition and the average thickness in the 
actual thin- film multilayer structure which is an object to 
be measured. Further, an X-ray diffraction pattern from the 
thin- film multilayer structure including the heterointerf ace 
metamorphic layers which are assumed to have the periodic 
thickness fluctuations from the average thickness is 
calculated on the basis of the dynamical theory of 
diffraction. The calculated X-ray diffraction pattern is 
compared with the measured pattern 200A for the X-ray 
interference fringes around the satellite peak. When th e 
interference fringes aroun^ peak 
in the calculated diffraction pattern 

those in the measured pattern 200A (judgment condition C), 
the assumed thickness fluctuations of the metamorphic layers 
at the respective heterointerf aces are identified as the 
thickness fluctuations of the metamorphic layers in the 
measured thin-film multilayer structure. Consequently, not 
only the average composition and the average thickness of 
the metamorphic layers constituting the MQW structure but 
also the minute thickness fluctuations of the metamorphic 
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layers can be quantitatively estimated. That is, the 
compositions and the thicknesses of the metamorphic layers 
in the multilayer structure can be precisely evaluated. 

Embodiment: 3 . 

An apparatus for evaluating a thin-film multilayer 
structure in accordance with a third embodiment of the 
present invention is for implementing the above-mentioned 
evaluation method according to the first embodiment. The 
apparatus comprises the following means as hardware for 
analyzing the composition fluctuations of the metamorphic 
layers at the heterointerf aces . 

The apparatus according to the third embodiment of the 
invention shown in figure 9 comprises the following means. 

(1) Means 301 for measuring an X-ray diffraction 
pattern from a thin-film multilayer structure as an object 
to be measured, which multilayer structure comprises a 
plurality of thin films that are periodically laminated and 
includes metamorphic layers produced at heterointerf aces , 
which measurement is carried out including interference 
fringes around a satellite diffraction peak. 

(2) Means 302 for inputting parameters of a design 
structure of the thin-film multilayer structure. 

(3) Means 303 for temporarily setting compositions and 
thicknesses of periodic metamorphic layers on the assumption 
that the periodic metamorphic layers are .produced at the 
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heterointer faces in the multilayer structure. 

(4) Means 304a for temporarily setting composition 
fluctuations of the metamorphic layers which are assumed to 
be produced at the respective heterointerf aces in the design 
multilayer structure, on the assumption that the metamorphic 
layers have composition fluctuations from an average 
composition mentioned later. 

(5) Means 305 for calculating an X-ray diffraction 
pattern from a presumed thin- film multilayer structure 
determined by setting parameters including compositions and 
thicknesses of the periodically laminated thin films 
constituting the multilayer structure, average compositions 
and thicknesses of the periodic metamorphic layers, and 
composition fluctuations of the metamorphic layers on the 
basis of the -dynamical theory of diffraction. 

(6) Means 306 for comparing the measured X-ray 
diffraction pattern with the X-ray diffraction pattern that 
is calculated on the basis of the dynamical theory of 
diffraction; and 

sending the means 303 for temporarily setting 
compositions and thicknesses of the metamorphic layers a 
signal to make that means again set compositions and 
thicknesses of the metamorphic layers through a route Rl 
when the compositions and the thicknesses of the periodic 
metamorphic layers are set, the composition fluctuations of 
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the metamorphic layers are not set, and positions of the 
main diffraction peak and the satellite diffraction peak in 
the measured diffraction pattern do not coincide with 
positions of the main diffraction peak and the satellite 
diffraction peak in the calculated diffraction pattern; 

identifying the compositions and the thicknesses of 
the assumed periodic metamorphic layers in the above- 
described calculations as average composition and thickness 
of the metamorphic layers in the thin-film multilayer 
structure which is an object to be measured and, thereafter, 
sending the means 304a for temporarily setting composition 
fluctuations of the metamorphic layers a signal to make that 
means set composition fluctuations of the metamorphic layers 
through route R2 when the compositions and the thicknesses 
of the periodic metamorphic layers are set, the composition 
fluctuations of the metamorphic layers are not set, and 
positions of the main diffraction peak and the satellite 
diffraction peak in the measured diffraction pattern 
coincide with positions of the main diffraction peak and the 
satellite diffraction peak in the calculated diffraction 
pattern; 

sending the means 304a for temporarily setting 
composition fluctuations of the metamorphic layers a signal 
to make that means again set composition fluctuations of the 
metamorphic layers through route R2 when the compositions 
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and the thickness^ of the assumed periodic metamorphic 
layers are identified as average composition and thickness 
of the metamorphic layers in the thin-film multilayer 
structure which is an object to be measured, the composition 
fluctuations of the metamorphic layers are set, positions of 
the main diffraction peak and the satellite diffraction peak 
in the measured diffraction pattern coincide with positions 
of the main diffraction peak and the satellite diffraction 
peak in the calculated diffraction pattern, and interference 
fringes around the satellite peak in the measured 
diffraction pattern do not coincide with interference 
fringes around the satellite peak in the calculated 

diffraction pat-tern; and 

identifying the set composition fluctuations of the 
periodic metamorphic layers employed in calculating the 
diffraction pattern as composition fluctuations of the 
metamorphic layers in the thin-film multilayer structure 
which is an object to be measured when the compositions and 
the thicknesses of the periodic metamorphic layers are 
identified as average composition and thickness of the 
metamorphic layers in the thin-film multilayer structure 
which is an object to be measured, the composition 
fluctuations of the metamorphic layers are set. positions of 

^ vk« catPllite diffraction peak 
the main diffraction peak and the satellite 

j riiffraC tion pattern coincide with positions 
in the measured diffraction y 
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of the main diffraction peak and the satellite diffraction 
peak in the calculated diffraction pattern, and the 
interference fringes around the satellite peak in the 
measured diffraction pattern coincide with the interference 
fringes around the satellite peak in the calculated 
diffraction pattern - 

According to the third embodiment of the present 
invention, the thin film multilayer structure can be 
automatically evaluated according to the evaluating method 
of the first embodiment. 
Embodiment 4 . 

An apparatus for evaluating a thin- film multilayer 
structure in accordance with a fourth embodiment of the 
present invention is for implementing the above-mentioned 
method according to the second embodiment. This apparatus 
comprises the following means as hardware for analyzing the 
thickness fluctuations of the metamorphic layers at the 

heterointer faces . 

The apparatus according to the fourth embodiment shown 

in figure 10 comprises the following means. 

(1) Means 301 for measuring an X-ray diffraction 

pattern from a thin-film multilayer structure as an object 

to be measured, which multilayer structure comprises a 

plurality of thin films that are periodically laminated and 

includes metamorphic layers produced at heterointerfaces, 
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which measurement is carried out: including interference 
fringes around a satellite diffraction peak. 

(2) Means 302 for inputting parameters of a design 
structure of the thin- film multilayer structure. 

(3) Means 303 for temporarily setting compositions and 
thicknesses of periodic metamorphic layers on the assumption 
that the periodic metamorphic layers are produced at the 
heterointer faces in the multilayer structure. 

(4) Means 304a for temporarily setting thickness 
fluctuations of the metamorphic layers which are assumed to 
be produced at the respective heterointer faces in the design 
multilayer structure, on the assumption that the metamorphic 
layers have composition fluctuations from an average 
composition mentioned later. 

(5) Means 305 for calculating an X-ray diffraction 
pattern from a presumed thin- film multilayer structure 
determined by setting parameters including compositions and 
thicknesses of the periodically laminated thin films 
constituting the multilayer structure, average compositions 
and thicknesses of the periodic metamorphic layers, and 
thickness fluctuations of the metamorphic layers on the 
basis of the dynamical theory of diffraction. 

( 6 ) Means 306 for comparing the measured X-ray 
diffraction pattern with the X-ray diffraction pattern that 
is calculated on the basis of the dynamical theory of 
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dif f raction; and 

sending the means 303 for temporarily setting 
compositions and thicknesses of the metamorphic layers a 
signal to make that means again set compositions and 
thicknesses of the metamorphic layers through a route Rl 
when the compositions and the thicknesses of the periodic 
metamorphic layers are set, the thickness fluctuations of 
the metamorphic layers are not set, and positions of the 
main diffraction peak and the satellite diffraction peak in 
the measured diffraction pattern do not coincide with 
positions of the main diffraction peak and the satellite 
diffraction peak in the calculated diffraction pattern; 

identifying the compositions and the thicknesses of 
the assumed periodic metamorphic layers in the above- 
described calculations as average composition and thickness 
of the metamorphic layers in the thin-film multilayer 
structure which is an object to be measured and, thereafter, 
sending the means 304a for temporarily setting composition 
fluctuations of the metamorphic layers a signal to make that 
means set composition fluctuations of the metamorphic layers 
through route R2 when the compositions and the thicknesses 
of the periodic metamorphic layers are set, the thickness 
fluctuations of the metamorphic layers are not set, and 
positions of the main diffraction peak and the satellite 
diffraction peak in the measured diffraction pattern 
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coincide with positions of the main diffraction peak and the 
satellite diffraction peak in the calculated diffraction 
pattern; 

sending the means 304a for temporarily setting 
composition fluctuations of the metamorphic layers a signal 
to make that means again set composition fluctuations of the 
metamorphic layers through route R2 when the compositions 
and the thicknesses of the assumed periodic metamorphic 
layers are identified as average composition and thickness 
of the metamorphic layers in the thin- film multilayer 
structure which is an object to be measured, the thickness 
fluctuations of the metamorphic layers are set, positions of 
the main diffraction peak and the satellite diffraction peak 
in the measured diffraction pattern coincide with positions 
of the main diffraction peak and the satellite diffraction 
peak in the calculated diffraction pattern, and interference 
fringes around the satellite peak in the measured 
diffraction pattern do not coincide with interference 
fringes around the satellite peak in the calculated 
diffraction pattern; 

identifying the set composition fluctuations of the 
periodic metamorphic layers employed in calculating the 
diffraction pattern as composition fluctuations of the 
metamorphic layers in the thin-film multilayer structure 
which is an object to be measured when the compositions and. 
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the thicknesses of the periodic metamorphic layers are 
identified as average composition and thickness of the 
metamorphic layers . in the thin-film multilayer structure 
which is an object to be measured, the thickness 
fluctuations of the metamorphic layers are set, positions of 
the main diffraction peak and the satellite diffraction peak 
in the measured diffraction pattern coincide with positions 
of the main diffraction peak and the satellite diffraction 
peak in the calculated diffraction pattern, and the 
interference fringes around the satellite peak in the 
measured diffraction pattern coincide with the interference 

fringes around the satellite peak in the calculated 

diffraction pattern. 

According to the fourth embodiment of the present 

invention, the thin film multilayer structure can be 

automatically evaluated according to the evaluating method 

of the second embodiment . 
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WHAT T£ tt.atmed IS: 

1. A method for evaluating a thin- film multilayer 
structure comprising : 

measuring an X-ray diffraction pattern from a thin- film 
multilayer structure as an object to be measured said 
multilayer structure comprising a plurality of thin films 
which are periodically laminated and including metamorphic 
layers produced at heterointerf aces, said measurement being 
carried out including X-ray interference fringes around a 
satellite diffraction peak (SI); 

calculating an X-ray diffraction pattern from a 
presumed multilayer structure that is obtained on the 
assumption that periodic metamorphic layers are produced at 
the respective heterointerf aces of said multilayer 
structure, on the basis of the dynamical theory of 
diffraction (S2); 

comparing positions of the main diffraction peak and 
the satellite diffraction peak in the X-ray diffraction 
pattern measured as described above with those of the X-ray 
diffraction pattern that is calculated on the basis of the 
dynamical theory of diffraction ( S3 & S7 ) , after repeating 
modification (S8) of compositions and thicknesses of said 
periodic metamorphic layers presumed in the above-described 
calculation, calculation ( S6 ) of said X-ray diffraction 
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patterns, and comparison ( S7 ) of said measured X-ray 
diffraction pattern with said calculated X-ray diffraction 
pattern, identifying the compositions and the thicknesses of 
said periodic metamorphic layers presumed in the above- 
described calculation as average composition and thickness 
of said metamorphic layers in the thin-film multilayer 
structure which is an object to be measured when the 
positions of the two peaks in the measured X-ray diffraction 
pattern coincide with those in the calculated X-ray 
diffraction pattern; 

calculating, on the basis of the dynamical theory of 
diffraction, an X-ray diffraction pattern from a presumed 
thin-film multilayer structure in which it is presumed that 
said metamorphic layers produced at the respective 
heterointerf aces have composition fluctuations from the 
average composition of the metamorphic layers (S12); 

comparing X-ray interference fringes around the 
satellite diffraction peak in the measured X-ray diffraction 
pattern from the thin-film multilayer structure with those 
of the X-ray diffraction pattern which is calculated on the 
basis of the dynamical theory of diffraction from the 
presumed thin-film multilayer structure assuming that the 
metamorphic layers have composition fluctuations at the 
respective heterointerf aces (S13), after repeating 
modification (S14a) of the composition fluctuations of said 
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me-tamorphic layers which are assumed in the calculation, 
calculation (S12) of said X-ray diffraction patterns, and 
comparison (S13) of said measured X-ray diffraction pattern 
with said calculated X-ray diffraction pattern, identifying 
the composition fluctuations of said periodic metamorphic 
layers assumed in the above-described calculations as the 
composition fluctuations of said metamorphic layers in the 
multilayer structure which is. an object to be measured when 
the interference fringes around the satellite peak in the 
measured X-ray diffraction pattern coincide with those in 
the calculated X-ray diffraction pattern (S15a). 

2. A method for evaluating a thin-film multilayer 
structure comprising : 

measuring an X-ray diffraction pattern from a thin-film 
multilayer structure as an object to be measured said 
multilayer structure comprising a plurality of thin films 
which are periodically laminated and including metamorphic 
layers produced at heterointer faces , said measurement being 
carried out including X-ray interference fringes around a 
satellite diffraction peak (SI); 

calculating ,n X-ray diffraction pattern from a 
presumed multilayer structure that is obtained on the 
assumption that periodic metamorphic layers are produced at 
the respective heterointerf aces of said multilayer 
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structure, on the basis of the dynamical theory of 
diffraction ( S2 ) ; 

comparing positions of the main diffraction peak and 
the satellite diffraction peak in the X-ray diffraction 
pattern measured as described above with those of the X-ray 
diffraction pattern that is calculated on the basis of the 
dynamical theory of diffraction (S3 & S7 ) , after repeating 
modification (S8) of compositions and thicknesses of said 
periodic metamorphic layers presumed in the above-described 
calculation, calculation (S6) of said X-ray diffraction 
patterns, and comparison (S7) of said measured X-ray 
diffraction pattern with said calculated X-ray diffraction 
pattern, identifying the compositions and the thicknesses of 
said periodic metamorphic layers presumed in the above- 
described calculation as average composition and thickness 
of said metamorphic layers in the thin-film multilayer 
structure which is an object to be measured when the 
positions of the two peaks in the measured X-ray diffraction 
pattern coincide with those in the calculated X-ray 
diffraction pattern; 

calculating, on the basis of the dynamical theory of 
diffraction, an X-ray diffraction pattern from a presumed 
thin-film multilayer structure in which it is presumed that 
said metamorphic layers produced at the respective 
heterointerfaces have thickness fluctuations from the 
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average thickness of the metamorphic layers (S12); 

comparing X-ray interference fringes around the 
satellite diffraction peak in the measured X-ray diffraction 
pattern from the thin- film multilayer structure with those 
of the X-ray diffraction pattern which is calculated on the 
basis of the dynamical theory of diffraction from the 
presumed thin-film multilayer structure assuming that the 
metamorphic layers have composition fluctuations at the 
respective heterointerf aces (S13), after repeating 
modification (S14b) of the thickness fluctuations of said 
metamorphic layers which are assumed in the calculation, 
calculation (S12) of said X-ray diffraction patterns, and 
comparison (S13) of said measured X-ray diffraction pattern 
with said calculated X-ray diffraction pattern, identifying 
the thickness fluctuations of said periodic metamorphic 
layers assumed in the above-described calculations as the 
thickness fluctuations of said metamorphic layers in the 
multilayer structure which is an object to be measured when 
the interference fringes around the satellite peak in the 
measured X-ray diffraction pattern coincide with those in 
the calculated X-ray diffraction pattern (S15b). 

3. An apparatus for evaluating a thin-film multilayer 
structure comprising: 

means (301) for measuring an X-ray diffraction pattern 
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from a thin- film multilayer structure as an object to be 
measured, which multilayer structure comprises a plurality 
of thin films that are periodically laminated and includes 
metamorphic layers produced at heterointerf aces , which 
measurement is carried out including interference fringes 
around a satellite diffraction peak; 

means (303) for temporarily setting compositions and 
thicknesses of periodic metamorphic layers on the assumption 
that the periodic metamorphic layers are produced at the 
heterointerf aces in the multilayer structure; 

means (304a) for temporarily setting composition 
fluctuations of the metamorphic layers which are assumed to 
be produced at the respective heterointerf aces in the design 
multilayer structure, on the assumption that the metamorphic 
layers have composition fluctuations from an average 
composition mentioned later; 

means (305) for calculating an X-ray diffraction 
pattern from a presumed thin-film multilayer structure 
determined by setting parameters including compositions and 
thicknesses of the periodically laminated thin films 
constituting the multilayer structure, average compositions 
and thicknesses of the periodic metamorphic layers, and 
composition fluctuations of the metamorphic layers on the 
basis of the dynamical theory of diffraction; 

means (306) for comparing the measured X-ray 
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diffraction pattern with the X-ray diffraction pattern that 
is calculated on the basis of the dynamical theory of 
diffraction, and 

sending the means for temporarily 
setting compositions and thicknesses of the metamorphic 
layers a signal to make that means again set compositions 
and thicknesses of the metamorphic layers when the 
compositions and the thicknesses of the periodic metamorphic 
layers are set, the composition fluctuations of the 
metamorphic layers are not set, and positions of the main 
diffraction peak and the satellite diffraction peak in the 
measured diffraction pattern do not coincide with positions 
of the main diffraction peak and the satellite diffraction 
peak in the calculated diffraction pattern, 

identifying the compositions and the 
thicknesses of the assumed periodic metamorphic layers in 
the above-described calculations as average composition and 
thickness of said metamorphic layers in the thin-film 
multilayer structure which is an object to be measured and, 
thereafter, sending the means for temporarily setting 
composition fluctuations of the metamorphic layers a signal 
to make that means set composition fluctuations of the 
metamorphic layers when the compositions and the thicknesses 
of the periodic metamorphic layers are set, the composition 
fluctuations of the metamorphic layers are not set, and 
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positions of the main diffraction peak and the satellite 
diffraction peak in the measured diffraction pattern 
coincide with positions of the main diffraction peak and the 
satellite diffraction peak in the calculated diffraction 
pattern, 

sending the means for temporarily 
setting composition fluctuations of the metamorphic layers a 
signal to make that means again set composition fluctuations 
of the metamorphic layers when the compositions and the 
thicknesses of the assumed periodic metamorphic layers are 
identified as average composition and thickness of the 
metamorphic layers in the thin-film multilayer structure 
which is an object to be measured, the composition 
fluctuations of the metamorphic layers are set, positions of 
the main diffraction peak and the satellite diffraction peak 
in the measured diffraction pattern coincide with positions 
of the main diffraction peak and the satellite diffraction 
peak in the calculated diffraction pattern, and interference 
fringes around the satellite peak in the measured 
diffraction pattern do not coincide with interference 
fringes around the satellite peak in the calculated 
diffraction pattern, 

identifying the set composition 
fluctuations of the periodic metamorphic layers employed in 
calculating the diffraction pattern as composition 



fluctuations of the metamorphic layers in the thin- film 
multilayer structure which is an object to be measured when 
the compositions and the thicknesses of the assumed periodic 
metamorphic layers are identified as average composition and 
thickness of the metamorphic layers in the thin-film 
multilayer structure which is an object to be measured, the 
composition fluctuations of the metamorphic layers are set, 
positions of the main diffraction peak and the satellite 
diffraction peak in the measured diffraction pattern 
coincide with positions of the main diffraction peak and the 
satellite diffraction peak in the calculated diffraction 
pattern, and the interference fringes around the satellite 
peak in the measured diffraction pattern coincide with the 
interference fringes around the satellite peak in the 
calculated diffraction pattern. 

4. An apparatus for evaluating a thin-film multilayer 
structure comprising: 

means (301) for measuring an X-ray diffraction pattern 
from a thin-film multilayer structure as an object to be 
measured, which multilayer structure comprises a plurality 
of thin films that are periodically laminated and includes 
metamorphic layers produced at heterointer faces, which 
measurement is carried out including interference fringes 
around a satellite diffraction peak; 
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means (303) for temporarily setting compositions and 
thicknesses of periodic metamorphic layers on the assumption 
that the periodic metamorphic layers are produced at the 
heterointerfaces in the multilayer structure; 

means (304b) for temporarily setting thickness 
fluctuations of the metamorphic layers which are assumed to 
be produced at the respective heterointerfaces in the design 
multilayer structure, on the assumption that the metamorphic 
layers have thickness fluctuations from an average thickness 

mentioned later; 

means (305) for calculating an X-ray diffraction 
pattern from a presumed thin- film multilayer structure 
determined by setting parameters including compositions and 
thicknesses of the periodically laminated thin films 
constituting the multilayer structure, average compositions 
and thicknesses of the periodic metamorphic layers, and 
thickness fluctuations of the metamorphic layers on the 
basis of the dynamical theory of diffraction; 

means (306) for comparing the measured X-ray 
diffraction pattern with the X-ray diffraction pattern that 
is calculated on the basis of the dynamical theory of 
diffraction, and 

sending the means for temporarily 
setting compositions and thicknesses of the metamorphic 
layers a signal to make that means again set compositions 
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arid thicknesses of the metamorphic layers when the 
compositions and the thicknesses of the periodic metamorphic 
layers are set, the thickness fluctuations of the 
metamorphic layers are not set, and positions of the main 
diffraction peak and the satellite diffraction peak in the 
measured diffraction pattern do not coincide with positions 
of the main diffraction peak and the satellite diffraction 
peak in the calculated diffraction pattern, 

identifying the compositions and the 
thicknesses of the assumed periodic metamorphic layers in 
the above-described calculations as average composition and 
thickness of said metamorphic layers in the thin- film 
multilayer structure which is an object to be measured and, 
thereafter, sending the means for temporarily setting 
thickness fluctuations of the metamorphic layers a signal to 
make that means set thickness fluctuations of the 
metamorphic layers when the compositions and the thicknesses 
of the periodic metamorphic layers are set, the thickness 
fluctuations of the metamorphic layers are not set, and 
positions of the main diffraction peak and the satellite 
diffraction peak in the measured diffraction pattern 
coincide with positions of the main diffraction peak and the 
satellite diffraction peak in the calculated diffraction 
pattern, 

sending the means for temporarily 
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setting thickness fluctuations of the metamorphic layers a 
signal to make that means again set thickness fluctuations 
of the metamorphic layers when the compositions and the 
thicknesses of the assumed periodic metamorphic layers are 
identified as average composition and thickness of the 
metamorphic layers in the thin-film multilayer structure 
which is an object to be measured, the thickness 
fluctuations of the metamorphic layers are set, positions of 
the main diffraction peak and the satellite diffraction peak 
in the measured diffraction pattern coincide with positions 
of the main diffraction peak and the satellite diffraction 
peak in the calculated diffraction pattern, and interference 
fringes around the satellite peak in the measured 
diffraction pattern do not coincide with interference 
fringes around the satellite peak in the calculated 
diffraction pattern, 

identifying the set thickness 
fluctuations of the periodic metamorphic layers employed in 
calculating the diffraction pattern as thickness 
fluctuations of the metamorphic layers in the thin- film 
multilayer structure which is an object to be measured when 
the compositions and the thicknesses of the assumed periodic 
metamorphic layers are identified as average composition and 
thickness of said metamorphic layers in the thin-film 

atilayer structure which is an object to be measured, the 
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thickness fluctuations of the metamorphic layers are set, 
positions of the main diffraction peak and the satellite 
diffraction peak in the measured diffraction pattern 
coincide with positions of the main diffraction peak and the 
satellite diffraction peak in the calculated diffraction 
pattern, and the interference fringes around the satellite 
peak in the measured diffraction pattern coincide with the 
interference fringes around the satellite peak in the 
calculated diffraction pattern. 

5. A method for evaluating a thin-film multilayer structure substantially as 
hereinbefore described with reference to the accompanying drawings. 

6. Apparatus for evaluating a thin-film multilayer structure substantially as 
hereinbefore described with reference to Figure 9 or 10 of the accompanying drawings. 
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